The vertebrate hindbrain is composed of a series of lineage-restricted segments termed rhombomeres. Segmentspecific gene expression drives unique programs of neuronal differentiation. Two critical embryonic signaling pathways, Fibroblast Growth Factor (FGF) and Retinoic Acid (RA), regulate early embryonic rhombomere patterning. The earliest expressed hox genes, hoxb1b and hoxb1a in zebrafish, are logical candidates for establishing signaling networks that specify segmental identity. We sought to determine the mechanism by which hox genes regulate hindbrain patterning in zebrafish. We demonstrate that hoxb1a regulates r4-specific patterning, while hoxb1b regulates rhombomere segmentation and size. Hoxb1a and hoxb1b redundantly regulate vhnf1 expression. Loss of hoxb1b together with pbx4 reverts the hindbrain to a groundstate identity, demonstrating the importance of hox genes in patterning nearly the entire hindbrain, and a key requirement for Pbx in this process. Additionally, we provide evidence that while pbx genes regulate RA signaling, hoxb1b regulates hindbrain identity through complex regulation of FGF signaling.
Introduction
The vertebrate hindbrain is transiently divided into a series of lineage-restricted segments, known as rhombomeres. Segmental gene expression generates distinct populations of neurons (Moens and Prince, 2002) including both reticulospinal interneurons (Kimmel et al., 1982) and cranial branchiomotor neurons (BMN) (Chandrasekhar et al., 1997) . Two key signaling pathways -Fibroblast Growth Factor (FGF) and Retinoic Acid (RA) -regulate early gene expression within the vertebrate hindbrain. Global loss of either FGF or RA signaling results in profound changes to reticulospinal and BMN differentiation (Alexandre et al., 1996; Holder and Hill, 1991; Maden and Holder, 1991; Maves et al., 2002; Maves and Kimmel, 2005; Papalopulu et al., 1991; van der Wees et al., 1998 ). Yet, the regulation of hindbrain FGF and RA signaling remains incompletely understood.
Hox (homeobox transcription factor) genes are evolutionarily conserved transcription factors that regulate anterior-posterior (A-P) patterning of hindbrain rhombomeres (McGinnis and Krumlauf, 1992) . Hox factor binding and subsequent transcription of target genes is dependent on interactions with cofactors such as Meis (Myeloid ecotropic integration site) and Pbx (Pre-B cell leukemia homeobox) (Mann, 1995) .
Paralog Group 1 (PG1) hox genes are expressed early in hindbrain specification and development, with hoxb1b expression beginning at 50% epiboly in the presumptive hindbrain and hoxb1a expression beginning at tailbud, restricted to rhombomere 4 (r4), the first compartment of the hindbrain to form a distinct segment (Alexandre et al., 1996) . Due to their early expression in the hindbrain, and their role as transcriptional regulators, PG1 Hox proteins are hypothesized to play an important role in establishing pattering and segmentation in the hindbrain. Loss of Hox cofactors Pbx2/4 in zebrafish abrogates expression of hoxa2b, hoxb2a, hoxb1a, hoxb3a, and hoxa3 (defining a loss of segmental identity that spans r2-r6). Taken together with an expansion of r1 markers (epha4a and fgfr1), this implies that Pbx is necessary to define the identity of r2-r6 (Waskiewicz et al., 2002) . The expression of hoxb1b, however, is normal in Pbx depleted embryos, and Pbx is known to act as a cofactor for all anterior Hox proteins tested (Cooper et al., 2003; Pöpperl et al., 2000; Waskiewicz et al., 2002) . As such, researchers proposed a model in which Pbx-Hox-1 complexes lie at the top of a hierarchy to regulate and initiate hindbrain patterning and segmental gene expression. Consistent with this model, knockdown of hoxa1/b1/d1 in Xenopus laevis causes a loss of segmental identity similar to that observed in Pbxdepleted zebrafish embryos (McNulty et al., 2005) . However, murine Hoxa1;Hoxb1 compound mutants have milder defects in hindbrain development, exhibiting a loss of r4 accompanied by alterations to the surrounding r3-6 regions (Gavalas et al., 1998; Rossel and Capecchi, 1999; Studer et al., 1998) . Similar phenotypes are observed in zebrafish Mechanisms of Development 150 (2018) 28-41 
